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This paper presents the production of charged particles associated with high-pT trigger particles
(8 < ptrig.T < 15 GeV/c) in proton-proton collisions at
√
s = 5.02 TeV simulated with PYTHIA
8.244. The study is performed as a function of the relative transverse activity classifier, RT, which
is the relative charged-particle multiplicity in the transverse region (pi/3 < |φtrig. − φassoc.| < 2pi/3)
of the di-hadron correlations, and it is sensitive to the Multi-Parton Interactions. The evolution of
both the near and the away-side yield of associated particles (3 ≤ passoc.T < 8 GeV/c) as a function
of RT is investigated. We propose a strategy which allows for the modelling and subtraction of the
underlying event contribution from the near and the away side in challenging environments like those
characterised by large RT. We found that the away-side signal becomes broader with increasing RT,
while its corresponding yield is independent of RT. Contrarily, the near-side yield increases with
RT. This effect is reminiscent of that seen in heavy-ion collisions, where an enhancement in the
near-side yield for 0-5% central Pb–Pb collisions at
√
sNN = 2.76 TeV was reported. A discussion on
the origin of these effects in PYTHIA, as well as their implications for the interpretation of recent
LHC results for pp collisions, is presented.
I. INTRODUCTION
High-energy proton-proton (pp) collisions exhibit
heavy ion-like behavior, namely collectivity [1–3] and
strangeness enhancement [4], raising the question
whether a small drop of Quark-Gluon Plasma (QGP)
is produced in such collisions [5]. Claiming the forma-
tion of QGP in small systems would require evidence of
in-medium parton energy loss, i.e. the jet modification
due to the interaction of the fast parton within the dense
QCD matter. A first attempt to unveil jet quenching ef-
fects in high-multiplicity pp collisions at
√
s = 13 TeV
has been recently reported in Ref. [6], which consists of
measurements of the semi-inclusive acoplanarity distri-
bution of jets recoiling from a high-pT trigger hadron. A
significant broadening of the recoil jet acoplanarity dis-
tribution is observed in high-multiplicity pp collisions.
However, the effect is seen not only in the experimental
data but in the PYTHIA 8.2 model [7] (tune Monash
2013 [8]), which lacks the mechanism of jet quenching.
Therefore, PYTHIA 8 studies on jets in high multiplic-
ity pp events are important in order to understand the
potential biases which could mimic jet quenching effects.
In this paper, we explore a quantity called Ipp which
is motivated by the IAA [9–11] commonly used in heavy-
ion collisions to study jet quenching effects. IAA is the
ratio of jet-like yield from A–A to the one from pp col-
lisions, and it provides the interplay between the parton
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production spectrum, the relative importance of quark-
quark, gluon-gluon and quark-gluon final states, and en-
ergy loss in the medium in heavy-ion collisions. On the
near side, IAA provides the information about the frag-
menting jet leaving the medium, while on the away side
it additionally reflects the probability that the recoiling
parton survives the passage through the medium. In
Ref. [11], the ALICE collaboration studied the IAA for
central Pb–Pb collisions. They reported a significant sup-
pression (IAA ≈ 0.6) on the away side, whereas a moder-
ate enhancement (IAA ≈ 1.2) was observed on the near
side. These effects indicate the presence of the medium
produced in heavy-ion collisions with which the partons
interact along their path.
In this work, we report an analogous study in pp colli-
sions as a function of the underlying event (UE) activity.
We study the near and the away side of the di-hadron
correlations of charged-particles associated with high-pT
trigger particles (8 < ptrig.T < 15 GeV/c). The study is
based on Monte Carlo (MC) event samples generated us-
ing PYTHIA 8. The UE is the component of the collision
which does not directly belong the leading partonic inter-
action. At the LHC energies, most of this activity orig-
inates from semi-hard Multi-Parton Interactions (MPI).
Therefore, event classifiers sensitive to UE are important
to understand the MPI dynamics and their impact on
observables used in heavy-ion collisions to characterize
the properties of the dense QCD medium [12, 13]. In
our study, we use the Relative Transverse Activity Clas-
sifier, RT, which has been recently introduced [14, 15]
and successfully implemented in the analysis of the LHC
data [16, 17]. The study is aimed at understanding the
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2selection biases which could affect the measurement, as
well as discussing a strategy to minimize such biases in
order to have an observable more suitable for jet quench-
ing searches in small systems.
The paper is organised as follows: section 2 is devoted
to discuss the main aspects of PYTHIA 8.2, section 3
describes the event classifier, RT, and the procedure to
extract the jet-like signal using event mixing techniques.
Results are presented in section 4, and finally section 5
contains a summary and outlook.
II. EVENT GENERATION WITH PYTHIA 8
PYTHIA is a parton-based event generator, which is
one of the most widely used Monte Carlo generators for
high-energy collider physics with an emphasis on pp col-
lisions.
The main event of a pp collision can be represented
via 2-to-2 matrix elements with hard parton scatterings,
defined at the leading order, and it is complemented by
the leading-logarithm approximation of parton showers
including Initial-State Radiation (ISR) and Final-State
Radiation (FSR). The UE is everything except the two
outgoing hard scattered partons, and it receives contri-
butions from the beam-remnants, MPI, ISR and FSR.
It is an unavoidable background to most of the studied
collider observables. The hadronization in PYTHIA is
treated using the Lund string fragmentation model [18].
In the Color Reconnection (CR) picture of the model [19],
the strings between partons can be rearranged so that the
total string length is reduced; in effect, the total charged-
particle multiplicity of the event is also reduced.
Besides the main event, events with other partonic in-
teraction processes between the incoming partons are ex-
pected. These are called MPIs [20] and are usually soft in
nature, although the momentum transfer may also reach
the hard interaction energy scale. It was shown earlier
that MPIs provide a natural way of explaining the in-
creased activity in the UE in a hard scattering [8].
The results reported in this work are based on simula-
tions of inelastic processes using PYTHIA version 8.244,
which has the Monash 2013 tune as its default, and it
will be labelled as Monash in the following. This tune
has been created for a better description of minimum
bias and underlying event observables in high-energy col-
lisions.
III. EVENT ACTIVITY CLASSIFIER AND
JET-LIKE SIGNAL EXTRACTION
In order to produce results accessible to the main LHC
experiments, we have simulated inelastic pp collisions
at
√
s = 5.02 TeV and only primary charged particles
with transverse momentum pT > 0.5 GeV/c and within
pseudorapidity |η| < 0.8 are considered in the analy-
sis. Primary charged particles are defined as all final-
state particles including decay products except those
from weak decays of strange particles; this definition is
similar to the one used by the ALICE experiment [21].
The charged-particle yields are obtained in three dif-
ferent regions defined by the relative azimuthal angle,
∆φ = φtrig.−φassoc., to the direction of the particle with
the largest pT of the event (trigger particle):
• Near side: |∆φ| < pi/3,
• Transverse side: pi/3 < |∆φ| < 2pi/3,
• Away side: |∆φ| > 2pi/3 .
The near and the away side regions are dominated by
string fragments originating from the hardest partonic
process of the event, and are expected to be nearly in-
sensitive to the softer UE. However, the transverse region
is the most sensitive to UE and therefore can be used to
build the event ativity classifier RT [14]. Above a certain
pT threshold (p
trig.
T > 8 − 10 GeV/c) corresponding to
the onset of the UE plateau in the transverse region, the
mean charged-particle multiplicity in the transverse re-
gion, 〈N trans.ch 〉, have less dependence on ptrig.T [16]. There-
fore, we focus on events having ptrig.T above the onset of
the plateau, and we classify events with a trigger particle
in the range 8 ≤ ptrig.T < 15 GeV/c based on their per-
event activity in the transverse side with respect to the
mean:
RT =
N trans.ch
〈N trans.ch 〉
. (1)
The upper limit on ptrig.T is set in accordance with exist-
ing experimental results for central and peripheral Pb–Pb
collisions at
√
sNN = 2.76 TeV [11], which also guaran-
tees a regime where jet-like correlations dominate over
collective-like effects [22, 23]. The center-of-mass energy
presented in our study has been chosen to motivate the
development of this analysis using the unique pp, p–Pb
and Pb–Pb LHC data at
√
sNN = 5.02 TeV; such analy-
sis would aim at unveiling the onset of jet quenching in
high-energy hadronic interactions.
Given that we want to get an insight on how the event
selection based on the activity in the transverse side bi-
ases the near and the away side, the study is conducted
considering the cases where the correlations at partonic
level are disabled. On the one hand, ISR and FSR are
known to contribute to UE, therefore, given the corre-
lation between the parent partons, final-state particles
belonging gluon jets (originated from ISR and FSR) can
bias the near side jet. On the other hand, color re-
connection is a mechanism which produces correlations
among final-state particles [22, 24]. Therefore, we de-
cided to perform the study for three different settings of
the Monash tune: a) without ISR and FSR, b) without
CR and c) the default parameters of Monash tune.
The correlation between the average number of MPI,
〈Nmpi〉, and RT is shown in Fig. 1. For RT < 2, the
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FIG. 1. Average number of Multi-Parton Interactions,
〈Nmpi〉, as a function of RT in pp collisions at √s = 5.02 TeV.
The results are shown with default settings, without ISR and
FSR, and without CR.
average Nmpi increases linearly with RT. It is notewor-
thy that the correlation is nearly independent of ISR,
FSR, and CR. Therefore, in this particular RT region,
we can control the amount of MPI and study potential
non trivial soft QCD effects on the jet-like region of the
di-hadron correlations. For higher RT values, 〈Nmpi〉 ex-
hibits a saturation which is stronger when ISR and FSR
are included in the simulations. Having events with the
same Nmpi but with different multiplicities in the trans-
verse side, suggests that at some point particles from
additional jets may be selected to enhance the activity
in the transverse side. In turn, above a given RT value,
the activity in the transverse side can be biased towards
harder processes.
In order to understand the origin of a potential
bias, the di-hadron correlation is obtained for the RT-
integrated event class (RT ≥ 0) as well as for five RT
event classes: 0 ≤ RT < 0.5, 0.5 ≤ RT < 1.5, 1.5 ≤
RT < 2.5, 2.5 ≤ RT < 3.5 and RT ≥ 3.5 . Events with
high RT (≥ 2.5) are chosen in order to study the impact
on the di-hadron correlations when the MPI saturates
(see Fig. 1). The left panel of Fig. 2 shows the di-hadron
correlation as a function of ∆η (= ηtrigg. − ηassoc.) and
∆φ. The distribution was built by correlating the trigger
particle with associated particles within the same event
and with 4 ≤ passoc.T < 6 GeV/c. Correlations for two
RT event classes (1.5 ≤ RT < 2.5 and 2.5 ≤ RT < 3.5)
are depicted in Fig. 2. As expected, the characteristic jet
peak at (∆η,∆φ) = (0, 0) and the signal of the associ-
ated jet at ∆φ = pi/2 are observed. In addition, given the
selection on RT, a third structure is present in the trans-
verse region (pi/3 < |∆φ| < 2pi/3), and its associated
yield increases with RT. This structure is a consequence
of the event selection, therefore, its contribution to the
near- and the away-side yields has to be subtracted. For
this purpose mixed events are used to remove the un-
correlated contribution as well as the acceptance effect.
Mixed events are built correlating trigger and associated
particles from different events. The mixed events are
classified based on the multiplicity of their transverse re-
gion. The middle panel of Fig. 2 shows the di-hadron
correlation for mixed events. As expected, the activity
in the transverse region increases with RT. By construc-
tion, for mixed events, we do not see the jet-like corre-
lations. The jet signal C(∆η,∆φ) is extracted using the
following procedure:
C(∆η,∆φ) = B(0, 0)
S(∆η,∆φ)
B(∆η,∆φ)
, (2)
where S (B) stands for the correlation for same (mixed)
events. The signal after the subtraction of the mixed-
events correlation are shown in the right panel of Fig. 2.
The shape of the near side exhibits little or no depen-
dence on RT. However, the width of the away-side signal
increases with RT. The evolution of the observed struc-
tures with RT is further investigated by studying the
projection of the ∆η-∆φ distribution along the ∆η axis.
IV. RESULTS
The ∆φ distributions for various RT event classes as
well as for the RT-integrated one (RT ≥ 0) are shown
in Fig. 3. Albeit correlations using particles within
|∆η| < 0.8 and 4 ≤ passoc.T < 6 GeV/c are shown, the
conclusions hold for 3 GeV/c ≤ passoc.T < ptrig.T . The left
panel of Fig. 3 shows the distributions for simulations
without ISR and FSR. One can observe that the differ-
ent ∆φ regions show no dependence on RT in the region
0 ≤ RT < 2.5. Moreover, it is noteworthy that within
statistical uncertainties the shape of the jet peaks are in-
dependent of RT. On the contrary, when ISR and FSR
are included in the simulations, the away side exhibits
a broadening which becomes more pronounced for high
RT values. At the same time, the near-side yield in-
creases with RT. This effect is observed in simulations
with (right panel) and without (middle panel) color re-
connection. Therefore, CR produces very small effects
on the observables which we investigate in the current
study.
Regarding the remaining signal in the transverse side,
as anticipated by Fig. 1, the selection bias can be relevant
in the RT region where the average MPI activity satu-
rates. In accordance with this observation, for RT > 2.5,
the distributions exhibit a peak at ∆φ ∼ 2 rad, which is
closer to the away-side peak. The effect is much stronger
when ISR and FSR are included in the simulations. We
can say that for full simulations the selection on high
RT (> 2.5) biases the sample towards multi-jet topolo-
gies. This effect is observed in experimental data, in
particular, for the transverse side, the high-pT particle
production exhibits a strong increase with RT [17].
In order to quantify the effects discussed above, we
calculated the Ipp quantity, which is the ratio of yields
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FIG. 2. Charged particle yield as a function of ∆η-∆φ for two RT event classes. The associated particles have a pT in the
range 4 ≤ passoc.T < 6 GeV/c. The distribution from same event (left) exhibits the near- and away-side jet peaks at ∆φ = 0 and
∆φ = pi/2. The structure observed in the transverse region can be reproduced using mixed events (middle). The signal (right)
is obtained after subtracting the mixed distribution from the same distribution.
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from different RT classes to the RT-integrated one. The
influence on the jet-like signals of the remaining struc-
tures peaked at ∆φ ∼ 2 rad are reduced by integrat-
ing the ∆φ distribution within the interval |∆φ| < 0.8
(|∆φ − pi| < 0.8) for the near (away) side. Figure 4
shows the Ipp as a function of p
assoc.
T for both the near
and the away side. Three passoc.T intervals are consid-
ered: 3 ≤ passoc.T < 4 GeV/c, 4 ≤ passoc.T < 6 GeV/c, and
6 ≤ passoc.T < 8 GeV/c.
a. Near side In simulations without ISR and FSR,
the Ipp is found to be consistent with unity for all the
studied passoc.T intervals and RT event classes. Moreover,
given the small selection bias discussed before, the sub-
traction of the underlying event produces a negligible dif-
ference. This suggests that the signal extraction method
performs well, and it has negligible effect on the results.
When ISR and FSR are included in the simulations, the
Ipp increases with RT. The observed rise persists even
after the subtraction of underlying event, although it be-
comes less steeper than in the case without UE subtrac-
tion. Our results suggest that a bias towards a hard frag-
mentation can be responsible for this enhancement. The
evoulution of the Ipp with RT is similar for all the p
assoc.
T
bins, and it cannot be attributed to the mechanism of
color reconnection. The observed enhancement of Ipp for
the near side is reminiscent of the heavy-ion data, where
the analogous IAA was found to be around 1.2 for 0-5%
central Pb–Pb collisions at
√
sNN = 2.76 TeV [11]. Given
that this effect is not seen at RHIC energies [9, 10], our
results support the idea that the enhancement observed
in ALICE is a medium effect.
b. Away side: In simulations without ISR and FSR,
the Ipp behaves like the near side, i.e., it is consistent
with unity, and the effect of the underlying event is neg-
ligible. However, in simulations with ISR and FSR, the
Ipp evolves, both quantitatively and qualitatively, in a
different way with respect to the near side. Only after
the removal of UE from the away side, the Ipp is found
to be unity within 5% for all the passoc.T and RT inter-
vals. This suggests that the event selection bias due to
leading particle pT and RT selection is negligible for the
away side. Therefore, this topological region could be
the best suited for the isolation of new effects in exper-
imental data. In particular, given the absence of any
parton-energy loss mechanism in PYTHIA 8, the Ipp is
expected to be unity in events with high UE. On the con-
trary, in central heavy-ion collisions IAA was found to be
significantly smaller than one as a consequence of parton
energy loss. For this reason, our proposed strategy allows
for the extension of the existing LHC results for pp colli-
sions [25], which currently covers a very limited RT < 1.5
interval. In the measured RT interval, Ipp is consistent
with one either in the near or the away sides, suggesting
the absence of jet quenching in small systems. Neverthe-
less, with our approach, the jet quenching search can be
extended up to around RT = 4.
6V. CONCLUSIONS
In this work, we have investigated the azimuthal di-
hadron correlations as a function of the so-called Relative
Transverse Activity Classifier. High-pT particles associ-
ated to trigger particles (8 < ptrig.T < 15 GeV/c) are con-
sidered in the study. We propose to use mixed events in
order to remove the underlying event contribution from
the near and the away side regions. The evolution of the
jet-like yields with RT is quantified by the Ipp quantity,
which is expected to be consistent to unity in the ab-
sence of medium effects or selection biases. We observe
that the di-hadron correlations, and therefore Ipp, are
independent of RT in simulations which do not include
ISR and FSR. When ISR and FSR are included in the
simulations, the near-side yield increases with RT. This
effect is reminiscent of the Pb–Pb data from the ALICE
experiment, although in the PYTHIA 8 model it is driven
by the fragmentation bias. This bias is produced by the
correlation between the leading jet and the fragments of
secondary jets originated from radiation which populate
the region where RT is determined. We emphasize that
this selection bias has to be taken into account in any
analysis which use RT as an event classifier. At the same
time, the away-side peak exhibits a broadening which be-
comes more pronounced for high RT values. The Ipp on
the away side, on the other hand, is found to be consis-
tent with unity, and independent of RT and p
assoc.
T . This
suggests that PYTHIA 8 with ISR and FSR can partially
mimic jet-quenching effects in small systems. The results
also suggest that the away side is more robust against se-
lection biases than the near side.
Last but not least, we compared our simulation results
to the existing measurement from the LHC, which covers
a very limited RT < 1.5 interval. We found that the two
were consistent with each other, indicating no hint of jet
quenching in small collision systems. However, our strat-
egy can pave a way to extend the jet quenching searches
up to around RT = 4 for small collision systems in ex-
periments at the LHC.
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